Vitamin D exerts multiple immunomodulatory functions and has been implicated in the etiology and treatment of several autoimmune diseases, including multiple sclerosis (MS). We have previously reported that in juvenile/adolescent rats, vitamin D supplementation protects from experimental autoimmune encephalomyelitis (EAE), a model of MS. Here we demonstrate that this protective effect associates with decreased proliferation of CD4+ T cells and lower frequency of pathogenic T helper (Th) 17 cells. Using transcriptome, methylome, and pathway analyses in CD4+ T cells, we show that vitamin D affects multiple signaling and metabolic pathways critical for T-cell activation and differentiation into Th1 and Th17 subsets in vivo. Namely, Jak/Stat, Erk/Mapk, and Pi3K/Akt/mTor signaling pathway genes were down-regulated upon vitamin D supplementation. The protective effect associated with epigenetic mechanisms, such as (i) changed levels of enzymes involved in establishment and maintenance of epigenetic marks, i.e., DNA methylation and histone modifications; (ii) genome-wide reduction of DNA methylation, and (iii) up-regulation of noncoding RNAs, including microRNAs, with concomitant down-regulation of their protein-coding target RNAs involved in T-cell activation and differentiation. We further demonstrate that treatment of myelin-specific T cells with vitamin D reduces frequency of Th1 and Th17 cells, down-regulates genes in key signaling pathways and epigenetic machinery, and impairs their ability to transfer EAE. Finally, orthologs of nearly 50% of candidate MS risk genes and 40% of signature genes of myelin-reactive T cells in MS changed their expression in vivo in EAE upon supplementation, supporting the hypothesis that vitamin D may modulate risk for developing MS. Vitamin D deficiency is one of the most consistently reported environmental factor in the etiology of multiple sclerosis (MS) (5), a chronic inflammatory disease of the CNS characterized by autoimmune destruction of myelin, axonal loss, and brain atrophy (6). Increased risk of developing MS has been described in carriers of rare and common variants of the CYP27B gene (7, 8), which encodes the enzyme that catalyzes the last step in converting vitamin D to its active form, from 25(OH)D 3 to 1,25 (OH) 2 D 3 . These studies imply a causal role of low vitamin D in MS, which has recently been further supported by Mendelian randomization studies in two large cohorts demonstrating that three genetic variants that associate with serum 25(OH)D 3 levels also associate with the risk of developing MS (9). However, high levels of vitamin D have been associated not only with the reduced risk of developing MS (10, 11) but also with the reduced risk for relapses, new brain lesions, and subsequent disability (12, 13). Moreover, it has been described that increased levels of vitamin D can reduce serum levels of . Most of what is known about the immunological mechanisms of vitamin D in MS comes from the studies in its animal model, experimental autoimmune encephalomyelitis (EAE). Vitamin D has been shown to impact both myeloid cells and T cells in EAE. This protective effect has been associated with reduced development of pathogenic T helper (Th) 1 (15, 16) and Th17
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vitamin D | experimental autoimmune encephalomyelitis | multiple sclerosis | epigenetics | DNA methylation V itamin D has been recognized not only for its functions in homeostasis of calcium and phosphate but also for its important role in regulating cellular growth and the immune system. The active form of vitamin D, 1,25(OH) 2 D 3 , binds to the vitamin D receptor (VDR), which has wide tissue distribution, including immune cells such as dendritic cells, macrophages, and activated T and B cells, and exerts multiple immunomodulatory functions (1, 2) . Epidemiological studies have linked poor vitamin D status with the increased prevalence of multiple chronic inflammatory diseases, including systemic and organ-specific autoimmune diseases (3) , and several genes in the vitamin D pathway have been associated with the increased risk of developing autoimmune diseases (www.ebi.ac.uk/gwas) (3, 4) .
Vitamin D deficiency is one of the most consistently reported environmental factor in the etiology of multiple sclerosis (MS) (5), a chronic inflammatory disease of the CNS characterized by autoimmune destruction of myelin, axonal loss, and brain atrophy (6) . Increased risk of developing MS has been described in carriers of rare and common variants of the CYP27B gene (7, 8) , which encodes the enzyme that catalyzes the last step in converting vitamin D to its active form, from 25(OH)D 3 to 1,25 (OH) 2 D 3 . These studies imply a causal role of low vitamin D in MS, which has recently been further supported by Mendelian randomization studies in two large cohorts demonstrating that three genetic variants that associate with serum 25(OH)D 3 levels also associate with the risk of developing MS (9) . However, high levels of vitamin D have been associated not only with the reduced risk of developing MS (10, 11) but also with the reduced risk for relapses, new brain lesions, and subsequent disability (12, 13) . Moreover, it has been described that increased levels of vitamin D can reduce serum levels of IL-17 in MS patients (14) . Most of what is known about the immunological mechanisms of vitamin D in MS comes from the studies in its animal model, experimental autoimmune encephalomyelitis (EAE). Vitamin D has been shown to impact both myeloid cells and T cells in EAE. This protective effect has been associated with reduced development of pathogenic T helper (Th) 1 (15, 16) 
and Th17
Significance Vitamin D has been suggested to be associated with beneficial immunomodulation in autoimmune diseases. We demonstrate that the protective effect of vitamin D in an animal model of multiple sclerosis (MS) is linked to multiple signaling and metabolic pathways critical for T-cell activation and differentiation into pathogenic T helper (Th) 1 and Th17 subsets in vivo. This effect is mediated by epigenetic mechanisms as reflected by genome-wide reduction of DNA methylation and upregulation of microRNAs, with concomitant downregulation of their protein-coding target genes. Our data support the role of vitamin D in modulating risk for human disease, because orthologues of nearly 50% of MS candidate risk genes changed their expression in vivo in CD4+ T cells upon vitamin D supplementation. (17, 18) subsets, as well as with differentiation into regulatory T cells (Tregs) (19) .
The cellular mechanisms of 1,25(OH) 2 D 3 are mediated by the transcription factor VDR, which belongs to the steroid superfamily of nuclear receptors. Ligand-bound VDR forms a heterodimer with retinoid X receptor (RXR), which becomes translocated to the nucleus where it exerts its functions on gene regulation. The effects of vitamin D are cell type-specific because they depend on VDR/ RXR binding, which is influenced by the cellular chromatin state and the availability of interacting DNA-binding protein partners (20) . Similar to other nuclear receptors, VDR/RXR interacts with a variety of coactivators and corepressors, resulting in local epigenetic changes that have either permissive or repressive effects on gene expression. The cellular epigenetic state comprises highly interconnected mechanisms such as DNA methylation, histone modifications, and expression of noncoding RNAs (ncRNAs), which is critical for cell survival and its physiological function. Although the impact of vitamin D on histone modifications is well documented, because of VDR/RXR associations with histone acetyltransferases, deacetylases, and histone methyltransferases, its impact on DNA methylation is just beginning to emerge (21, 22) . Additionally, recent studies in cancer suggest that ncRNAs, including long ncRNAs and microRNAs (miRNA), may be involved in mediating VDR signaling (22) .
We have previously reported the protective effect of dietary vitamin D supplementation in myelin oligodendrocyte glycoprotein (MOG)-induced EAE in Dark Agouti (DA) rats (23), a wellestablished model of MS that shares numerous features with the human disease (24) . This effect was associated with down-regulation of Th1/Th17-associated cytokines and transcription factors and a reduced amount of MOG-specific T cells (23) . Several studies demonstrated that VDR expression is necessary for its suppressive activity in EAE, suggesting that vitamin D impacts gene regulation on the genomic level via VDR/RXR (17, 25, 26) . Specifically, Mayne et al. (26) described the necessity of VDR expression in CD4+ T cells to ameliorate EAE, because vitamin D failed to inhibit EAE in mice with selective VDR gene deletion in CD4+ T cells. Our present study uses functional genomics to characterize effect of vitamin D supplementation in vivo on CD4+ T cells in actively induced EAE and shows that acquired changes due to vitamin D treatment in vitro impact T-cell capacity to induce disease in an adoptive transfer EAE model.
Results
Vitamin D Supplementation Affects CD4+ T Cells in MOG-EAE. We initially reproduced our previous findings (23) demonstrating efficacy of the dietary vitamin D supplementation in ameliorating MOGinduced EAE in juvenile/adolescent rats ( Fig. 1 A and B) . We then extended our analyses toward characterization of the T-cell responses in the local draining lymph nodes 7 d postimmunization (p.i.) using flow cytometry (Fig. 1C) . At this stage, DA rats develop an intense immune response leading to infiltration of pathogenic MOG-specific T cells into the CNS and subsequent neurological disabilities (27) . Vitamin D supplementation did not affect the relative proportions of CD4+ and CD8+ T cells or Foxp3-expressing cells within each of these compartments (Fig. S1 ), but significantly decreased proliferation of CD4+ T cells (Fig. 1C) after recall with MOG. Additionally, vitamin D supplemented animals had significantly lower frequency of IL-17-producing CD4+ T cells (Fig. 1C) . This finding is in line with our previous report on the vitamin D supplementation-mediated decrease of Rorc mRNA expression in the lymph nodes (23) , which encodes the master transcription factor that drives IL-17-producing Th17 cells. To characterize observed differences in CD4+ T cells on the functional genomic level, we analyzed transcriptome and DNA methylome of CD4+ T cells. The experimental design is summarized in Fig. 1D . Fig. 2A) . Animals subjected to the vitamin D-supplemented diet displayed marked changes in gene expression compared with animals subjected to a regular and vitamin D-deprived diet (Fig. 2B) . Using 1% false discovery rate (FDR), For clinical EAE scores and FACS data, statistical analyses were performed using Mann-Whitney and t test, respectively (*P < 0.05; **P < 0.01; ***P < 0.001).
between animals fed with the vitamin D-supplemented and vitamin D-deprived diet (Dataset S2). We observed 1,617 probes (1, 598 Ensembl genes) to be differentially expressed between animals fed with a regular and the vitamin D-supplemented diet (Dataset S3), whereas only six probes (six Ensembl genes) showed expression differences between animals fed with a regular and the vitamin D-deprived diet (Dataset S4). Hence, vitamin D supplementation and not deprivation was responsible for transcriptomic changes in CD4+ T cells during EAE. Therefore, we continued the analyses, focusing exclusively on comparison between vitamin D-supplemented and vitamin D-deprived group.
To identify biological functions that are regulated between the vitamin D-supplemented and -deprived groups, we performed functional ingenuity pathway analysis (IPA) on differentially expressed transcripts. IPA revealed that vitamin D had impact on functions such as cell death and survival, cell growth and proliferation, energy production, protein synthesis and trafficking, gene expression, and posttranscriptional modifications, as well as DNA replication, recombination, and repair (Dataset S5). Notably, IPA canonical pathway analysis revealed that multiple molecules involved in activation and differentiation of T cells were downregulated upon vitamin D supplementation (Fig. 2C , Table S1 , and Dataset S6). Multiple transcripts in the TCR, CD28, RhoA, and Erk/Mapk signaling pathways, which are critical for activation and proliferation of T cells, were down-regulated. For example Cd4, Cd3e/Cd3d/Cd3g, Lck, Fyn, and Vav1/Vav3, important members of the TCR signaling pathway, and Shp2, Grb2, Ras, and Mek1, important members of the Erk/Mapk signaling pathway, displayed lower expression in vitamin D-supplemented animals. In addition, multiple members of the Pi3K/Akt/mTor pathway, a signaling cascade crucial for cell proliferation, growth, and metabolism, which acts downstream of TCR, CD28, and IL-2R, were also downregulated upon vitamin D supplementation. Transcripts of multiple catalytic and regulatory subunits of Pi3K, Akt2/Akt3, and Mtor displayed lower expression in vitamin D-supplemented animals as well as one of the key downstream transcription factors, Hif1a. Interestingly, many molecules involved in the TCA cycle and in glycolysis, which provide not only energy but also building blocks during proliferation, were also down-regulated by vitamin D supplementation. All three key regulatory enzymes of the TCA, Cs, Idh, and Sdh, as well as two members of glycolysis Bpgm and Pgk1, were down-regulated upon vitamin D supplementation, indicating decreased energy consumption of CD4+ T cells in animals supplemented with vitamin D. Notably, multiple transcripts in the Jak/ Stat pathway, a signaling cascade engaged by cytokines critical for differentiation into distinct T-helper types, such as IL-2, IL-12, IFN-γ, IL-6, IL-21, IL-23, and GM-CSF (28), were down-regulated upon vitamin D supplementation. Thus, Jak1/Jak2 as well as Stat1/ Stat4 and Stat3, which are important for Th1 and Th17 differentiation (29, 30) , displayed lower levels in vitamin D-supplemented animals. Additional transcription factors such as NfkB1, Fos, and Jun, all activated by the interaction of Jak/Stat and Erk/Mapk pathways, were down-regulated upon vitamin D supplementation. In contrast, transcripts of genes associated with antiinflammatory properties, such as Il13, Il19, and Il24, were up-regulated upon vitamin D-supplemented diet.
Taken together, changes in the transcriptome of CD4+ T cells implicate that vitamin D supplementation down-modulates T-cell metabolism and signaling pathways that are critical for T-cell activation and differentiation into Th1 and Th17 cells.
Vitamin D Supplementation Increases Expression of ncRNAs, Including
miRNA Genes. Examining the type of differentially expressed genes, we observed that although protein-coding genes preferentially showed lower expression (62%, enrichment P < 2 × 10 −3 ), noncoding genes displayed preferential higher expression (70%, enrichment P < 2 × 10 −24
) in the vitamin D-supplemented group (Fig. 3A) . In particular, snRNA, miRNA, and ribosomal RNA genes showed predominant higher expression in vitamin D-supplemented animals (with 96%, 89%, and 100% up-regulated probes, respectively).
All 30 well-annotated differentially expressed miRNA probes at 1% FDR demonstrated higher levels in the vitamin D-supplemented group (Fig. 3B ) and 92 of 100 differentially expressed miRNA probes were up-regulated at nominal significance (P < 0.05). Because the best-described function of miRNAs is to reduce the amount of the target mRNAs on the posttranscriptional level, we speculated that the increased miRNAs can be responsible for lower levels of protein-coding genes. Indeed, TargetScan predicted target genes of the up-regulated miRNAs were enriched among genes that were down-regulated in the vitamin D-supplemented group (P < 1 × 10
−3
). In addition, IPA identified multiple miRNAs as activated upstream regulators based on the observed expression changes of IPA predicted (experimentally validated) miRNA targets in our dataset (Dataset S7). By analyzing pathways of the predicted targets of 30 detected up-regulated miRNAs, we observed that many of the pathways overlap with the pathways affected by all differentially expressed genes (Dataset S8). Based on their significance, we classified these pathways according to their dependence on miRNAs (Fig. 3C) . Notably, the pathways of general importance for cell survival, such as mitochondrial functions, protein synthesis, telomere extension, and repair mechanisms, did not seem to be regulated by miRNAs. However, pathways important for T-cell activation and differentiation, such as Pi3k/Akt/mTor, Erk/Mapk, and Jak/Stat pathways, seemed to We used FDR 1% and no fold-change cutoff for differentially expressed genes. For pathway analysis, significance was determined with the right-tailed Fisher's exact test and adjusted using the Benjamini-Hochberg correction depicted by -log (B-H P value).
be at least in part mediated by miRNAs, whereas the TCR and IL-2 signaling appear to be heavily dependent on regulation by miRNAs. Notably, genes critical for T-cell activation and signaling are predicted targets of multiple up-regulated miRNAs (e.g., Kras is a target of miR-30c, -134, -181b, and -483; Vav3 is a target of miR-9, -30c, -449c, and let-7a; and Pik3r3 is a target of miR-9, -23a, -181b, and -377).
Our data indicate that miRNAs may, at least in part, mediate the effect of vitamin D supplementation on signaling pathways in CD4+ T cells in MOG-EAE.
Vitamin D Supplementation Reduces DNA Methylation Genome Wide in CD4+ T Cells. To address the impact of vitamin D on DNA methylation, an important epigenetic mark that can actively impact gene regulation on the transcriptional level or be a marker of the genome activity (31), we used methyl-CpG binding domain sequencing (MBD-seq). This method investigated differentially methylated regions (DMRs) between the vitamin D-supplemented and -deprived groups in the entire genome ( Fig. 4A and Dataset S9). The methylation changes predominantly affected distal intergenic regions, whereas changes in genic regions primarily affected introns (Fig. 4B ). For example, there were 491 DMRs, which associated with 413 Ensembl genes, with a P value lower than 0.001.
Of these DMRs, 14 mapped to promoter (<3 kb) regions, 11 to exons, 153 to introns, 4 to downstream (<3 kb) regions, and 309 to distal intergenic regions. Interestingly, the vast majority of DMRs, irrespective of the genomic location and significance level, displayed lower methylation in the vitamin D-supplemented group (Fig. 4 C and D) . This preferential lower methylation in the vitamin D-supplemented group was confirmed with a different method to measure methylation genome wide, the comprehensive highthroughput arrays for relative methylation method (CHARM) (Fig.  4E) ; consistent with this, CD4+ T cells from vitamin D-supplemented animals displayed lower expression of all three active DNA methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b, as well as many other members of the cellular epigenetic machinery-for example, Cbx1, Hdac1, and Hdac2 (Dataset S2). Significantly lower expression of the enzymes involved in establishing and maintaining DNA methylation marks, which could explain preferential lower methylation upon vitamin D supplementation, was validated in independent samples using qPCR (Fig. 4F) . Thus, vitamin D supplementation reduces the levels of enzymes involved in establishing and maintaining DNA methylation marks, subsequently contributing to widespread reduction of DNA methylation.
Vitamin D Modulates Signaling Pathways in CD4+ T Cells on Both Epigenetic and Transcriptional Level and Impacts Function and
Encephalitogenic Potential of CD4+ T Cells. Finally, we wanted to investigate T-cell pathways that are affected by changes on both epigenetic and transcriptional levels upon vitamin D supplementation. To that end, we investigated genes that displayed changes in expression profile and methylation levels (Fig. 5A) . We detected 2,562 Ensembl genes associated with 6,418 DMRs exhibiting changes in methylation and expression with nominal significance (Dataset S10). We observed negative and positive correlation of methylation with gene expression in the promoter (<1 kb) and exon regions, respectively. There was a statistically significant correlation between hypomethylated DMRs in promoter regions and increased gene expression (P < 2 × 10
−5
). There were too few hypermethylated DMRs in promoters to test the inverse correlation. In contrast, in exons we observed a significant correlation between hypomethylated DMRs and lower gene expression (P < 2 × 10 ) and hypermethylated DMRs and higher gene expression (P < 3 × 10
−6
). IPA toxicogenomics analysis on transcripts that displayed changes in both expression and methylation revealed VDR/RXR activation among the topmost significant compound, strongly suggesting that genes with both methylation and expression changes are more proximal mediators of the VDR signaling (Fig. 5B) . Significant upstream regulator analysis predominantly implicated miRNAs as upstream regulators based on the observed expression changes of genes affected by both methylation and expression, which suggests that vitamin D supplementation may affect DNA methylation of miRNA genes that regulates expression levels of these miRNAs, which in turn down-regulates levels of proteincoding genes. Indeed, there was evidence of lower methylation in the regions encoding 30 miRNAs detected to be up-regulated in the vitamin D-supplemented group (Fig. 5C) .
Canonical IPA pathway analysis revealed that members of multiple pathways that were down-regulated showed also changes in methylation levels ( Fig. 5D and Dataset S11). Multiple members of TCR and Erk/Mapk pathways important for activation and differentiation of T cells were affected both by expression and methylation (Fig. 6A) . For example, Sos and Nfkb1 showed methylation and expression changes, whereas Grb2, Ras, Mek1/2, and Jun showed expression changes only. In addition, T-cell coreceptors Cd4 and Fyn, which are important for activation of the TCR, showed both differential expression and methylation; Cd3 and Lck showed differential expression and Cd45, Zap70, Lat, and Syk showed differential methylation. In addition, members of the Pi3k/Akt/mTor pathway, crucial for cell proliferation, growth, and metabolism and the Jak/Stat pathway crucial for differentiation of (C) IPA of the predicted miRNA targets, using conserved targets predicted by TargetScan, shows that many of the pathways between predicted miRNA targets and differential expressed genes following vitamin D supplementation were overlapping. Based on the significance of predicted target genes, we classified the pathways according to their dependence on miRNAs. Significance was determined with the right-tailed Fisher's exact test and adjusted using the Benjamini-Hochberg correction depicted by -log(B-H P value).
T cells into distinct subsets, showed differential expression and methylation (Fig. 6A ). For instance, downstream mediators such as Stat3, Stat4, Jak2, Pi3k family members, Mtor, and Fos exhibited differential expression and methylation changes, whereas Akt showed differential expression only. Moreover, the Vegf pathway important for cell migration and cell proliferation was down-regulated and differentially methylated upon vitamin D supplementation. Differences in expression of key genes of the pathways were confirmed in independent samples from rats treated during juvenile/adolescent age, by real-time qPCR analysis (Fig. 6B) . Interestingly, the same genes were not affected in CD4+ T cells from rats treated during either adult or pre-and early postnatal age, i.e., the treatment regimens that we have previously shown not to be efficient in ameliorating EAE (23) . In contrast to juvenile/adolescent rats, significant changes with regard to the signaling pathway genes were reduced to down-regulation of Jun in adult rats and up-regulation of Jak2 in pre-and early postnatally treated rats (Fig. S2) . Similarly, in contrast to changes in epigenetic enzymes observed in juvenile/adolescent rats, we could not detect any differences in Dnmt1, Dnmt3a, Dnmt3b, and Hdac2 expression in the two other age groups (Fig. S3) .
To assess the impact of vitamin D on CD4+ T-cell function and their encephalitogenic potential, we conducted adoptive transfer experiments in DA rats with myelin basic protein (MBP) specific T-cell lines treated with calcitriol (1,25(OH) 2 D 3 ). Similar to our findings in CD4+ T cells from actively induced MOG-EAE, vitamin D-treated MBP 63-88 -specific T cells displayed significantly lower proliferation of CD4+ T cells and frequency of Th1 and Th17 cells (Fig. 7A) . This effect was dependent on the number of exposures to vitamin D, i.e., T cells treated during two rounds of stimulation with MBP 63-88 exerted a more prominent effect compared with cells treated only during the last stimulation round. Moreover, upon transfer to naïve DA rats, MBP 63-88 -specific T cells treated with vitamin D induced milder EAE with significantly lower cumulative disease score and weight loss compared with untreated cells (Fig. 7B) . In addition, the majority of the key genes of Jak/Stat, Erk/Mapk, and Pi3k/Akt/mTor pathways (Fig. 7C) and enzymes important for establishing and maintaining DNA methylation marks (Fig. 7D) were down-regulated in vitamin D-treated MBP 63-88 -specific T cells.
These data demonstrate a link among vitamin D, CD4+ T-cell function, and their encephalitogenic potential and associate them with changes in signaling pathways and epigenetic machinery enzymes.
Discussion
We used transcriptome, methylome, and pathway analyses to elucidate biological processes in CD4+ T cells that mediate the in vivo protective effect of vitamin D on autoimmunity. Moreover, we show that these processes associate with changes in T cells treated with vitamin D in vitro and their capacity to induce disease. Vitamin D down-regulated multiple signaling and metabolic pathways that are critical for T-cell activation and differentiation into pathogenic Th1 and Th17 subsets. This effect was associated with epigenetic mechanisms and involved global reduction in DNA methylation and up-regulation of several classes of ncRNAs, including miRNAs.
We observed striking changes in the transcriptome of CD4+ T cells with 3,400 transcripts displaying differential expression between the vitamin D-supplemented and -deprived group. Vitamin The x and y axis show log (fold change) and −log10 (P value), respectively. Red dots correspond to DMRs that are significantly hypomethylated (P < 0.001) and blue dots correspond to DMRs that are significantly hypermethylated (P < 0.001). (F) qPCR analyses in independent samples confirms that transcripts necessary for active DNA methylation and histone acetylation, Dnmt1, Dnmt3a, 3b, and Hdac2, respectively, are down-regulated upon vitamin D supplementation (n = 4 for 0 IU and n = 5 for 10 IU). Error bars represent SEM, and statistical analysis was performed using the Student t test (*P < 0.05; **P < 0.01). Details of MBD-seq and CHARM analyses are provided in Materials and Methods.
D has the potential to affect a large number of genes, because VDR binds thousands of genomic sites in immune cell lines stimulated with 1,25(OH) 2 D 3 (20, 32, 33) . There is, moreover, a positive correlation between vitamin D levels and the number of VDR binding sites in the genome (32, 34, 35) . For example, although in vitamin D-deficient individuals VDR binds to 601 sites in primary CD4+ T cells, this number increases to 4,518 (7.5-fold) in vitamin D-sufficient individuals (35) . Thus, a constant dietary vitamin D supplementation in rats, which we have previously shown to significantly increase levels of 25(OH)D, the major circulating form of vitamin D (23), may engage thousands of additional VDR binding sites, leading to marked changes in gene expression.
Our data additionally demonstrate a widespread effect of vitamin D on DNA methylation of CD4+ T using two methods that use different principles to quantify DNA methylation. CHARM enriches for unmethylated DNA using the McrBC restriction enzyme, followed by identification of digested DNA by hybridization to preselected loci on the array (36) . However, MBD-seq combines precipitation of methylated DNA by recombinant methylCpG binding domain of the MBD2 protein and identification, across the entire genome, of the isolated DNA using parallel sequencing (37) . Thus, we could confirm that vitamin D supplementation induces a decrease in DNA methylation at numerous regions in the genome, although the sample size was too small to reliably establish all DMRs. The impact of vitamin D on DNA methylation is rather unique, with several studies in cancer starting to reveal this link, although the underlying mechanisms are still unknown (21, 22) . Changes in leukocyte DNA methylation between vitamin D-deficient and -sufficient healthy adolescent males of African-American origin have recently been reported using 27,000 CpG methylation arrays (38) . To date, epigenetic effects by vitamin D have primarily been associated with histone modifications, and it is well known that binding of vitamin D to VDR/RXR induces conformational changes that favor release of corepressors and interaction with coactivators and histone acetyltransferases (21, 22) . Indeed, a recent study using FAIRE-seq in a monocytic cell line demonstrated that vitamin D affects chromatin accessibility at nearly 9,000 sites in the genome (39) . The most pronounced effect was observed early after VDR/RXR engagement, causing opening of the chromatin with CCCTC-binding factor (CTCF) being likely involved in this early reprograming. Because transcriptionally active regulatory regions are devoid of DNA methylation, it is likely that in our model of constant exposure to vitamin D, a large fraction of detected hypomethylated regions is a consequence of VDR/RXR binding to these loci. VDR/RXR can either induce demethylation at bound loci or protect them from methylation through the recruitment of CTCF and other interacting partners. This hypothesis is further supported by unbiased IPA analysis that identified VDR/RXR as the most significant upstream compound when genes that displayed changes in both methylation and expression were analyzed. Furthermore, our data support an additional mechanism whereby vitamin D can induce global hypomethylation through the reduced levels of DNA methyltransferases. We demonstrated lower expression of all three active DNA methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b, in CD4+ T cells from the vitamin D-supplemented group as well as in MBP -specific T-cell lines treated with vitamin D (calcitriol). A similar mechanism has been suggested in cancer, where it has been shown that vitamin D can induce hypomethylation and reactivation of tumor suppressor genes through regulation of transcriptional regulators of Dnmt1 (40) . Described transcriptional regulators of Dnmt1, Fos and Jun (comprising AP-1), Stat3, Sp1, and Nfkb1 (41-43), were all down-regulated in CD4+ T cells upon vitamin D supplementation. Besides affecting the DNA methylation machinery, vitamin D supplementation associated with down-regulation of several histone modifiers, which generally associate with gene repression, including Hdac1, Hdac2, Kdm1b, Kdm2a, and Kdm5a. Vitamin D, thus, likely uses several mechanisms to impact the epigenome of CD4+ T cells. The methylation changes were particularly abundant in intergenic and intronic regions, suggesting that vitamin D supplementation may target those regions that have recently been shown to be important for differentiation into Th subsets (44) . Indeed, a number of signaling pathways important for Th differentiation-for example, Stat3 signaling crucial for Th17 differentiation-emerged when genes that displayed changes in both methylation and expression were analyzed. These changes may explain the observed significant reduction in frequency of highly pathogenic Th17 cells, observed both in actively induced MOG-EAE and in MBP 63-88 -specific T cells treated in vitro, because it has been shown that DNA methylation controls the high plasticity of Th17 cells (45) . Interestingly, the transcription profile induced by vitamin D supplementation resembled that induced by valproic acid, which is a class I and II histone deacetylase (HDAC) inhibitor that also causes genome-wide DNA demethylation (46) and proteosomal degradation of HDAC2 (47) and has been shown by us and others to ameliorate EAE and affect Th17 cells (48, 49) . This finding suggests that vitamin D might share protective mechanisms with other epigenetic drugs. Notably, vitamin D has n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a been shown to act in synergy with several epigenetic drugs (50), providing interesting prospects for future combined therapies, especially in the light of dynamic development of HDAC inhibitors for clinical use in various cancers. The type of VDR/RXR-interacting proteins suggests that vitamin D can induce both gene activation and repression (21) . Although early response to vitamin D in a monocytic cell line is characterized by activation of gene expression, late response is characterized by the closing of the affected chromatin and similar proportion of up-and down-regulated genes (39) . Equal proportion of up-and down-regulated genes has also been described in primary T cells after 10 d of exposure to a vitamin D analog (51) . We observed similar distribution with 59% (2,050/3,460) of affected probes being down-regulated. The mechanisms that lead to vitamin D-induced gene repression seem to be more diverse, and new modes of VDR actions have been suggested, including ncRNAs (21) . Indeed, we observed a predominant up-regulation of several classes of ncRNAs upon vitamin D supplementation. Additionally, although VDR/RXR emerged as the upstream regulator when genes that displayed changes in methylation and expression were analyzed, this was not the case when only differentially expressed genes were analyzed, suggesting involvement of RNA mediators. Particularly attractive candidates are miRNAs, ∼22-nucleotide-long ncRNAs that bind to complementary sequences on the corresponding mRNA and cause their degradation. Interestingly, the Affymetrix probes specific for primary miRNAs that displayed differential expression were primarily up-regulated in the vitamin D-supplemented group, and their predicted targets were significantly enriched among down-regulated genes. The involvement of miRNAs was further functionally supported by unbiased IPA prediction of multiple miRNAs as the most significant activated upstream regulators that can explain the observed pattern of differential gene expression. In the context of cancer, studies are emerging that suggest that miRNAs constitute an integral part of VDR signaling and participate in anticancer actions of vitamin D (52, 53) . IPA analysis of conserved targets of multiple up-regulated miRNAs suggests that they can target signaling pathways critical for T-cell activation and differentiation. Some of the up-regulated miRNAs have well-documented roles that support this hypothesis. Notably, miR-125a suppresses several effector T-cell factors such as Stat3 and Ifng and stabilizes the commitment and immunomodulatory capacity of Tregs during EAE (54) . Moreover, most of the up-regulated miRNAs analyzed here were also hypomethylated, which suggests that VDR/RXR binding may directly activate miRNAs, and they in turn mediate down-regulation of proteincoding genes. Based on our observations and the published data, miRNA are likely an important mediator of a protective vitamin D effect in CD4+ T cells in the context of autoimmunity.
The most pronounced effect of vitamin D supplementation in our study was reduced proliferation of CD4+ T cells. This effect of vitamin D has previously been demonstrated in vitro and in vivo in different species and conditions, including murine EAE (15, 16, 18) . In addition to a decrease in expression of cyclins that control cell cycle progression, our functional genomics data suggest that the effect is mediated through down-regulation of pathways critical for TCR signaling. We observed down-regulation of several coreceptors and Src family kinases, which have a critical role in proximal TCR signal transduction. Multiple members of distal TCR signaling pathways, such as Erk/Mapk and Pi3K/Akt, which are also engaged downstream IL-2R, were down-regulated in the vitamin D-supplemented group, including components of AP-1 transcription factor. It has been shown in vitro that VDR/RXR can repress IL-2 expression by direct inhibition of NFATp/AP-1 formation (55) . Altogether, our data indicate that vitamin D supplementation most likely influences composition of the immunologic synapse and propagation of signaling events, which ultimately contributes to reduced CD4+ T-cell proliferation. We also observed down-regulation of key enzymes involved in glycolysis, TCA cycle, and oxidative phosphorylation, the metabolic pathways that get activated to meet increased biosynthetic demands during polyclonal T-cell expansion and effector functions (56) . We observed effect of vitamin D on Th17 cells, which has also been shown in murine EAE (17, 18) . Notably, the Pi3K/Akt/mTor pathway, including the key metabolic regulator Mtor and transcription factors Myc and Hifa (57, 58), were down-regulated upon vitamin D supplementation. These changes may explain the observed impact on Th17 cells, because expression of Hif1α is mTorc1 dependent, and treatment with the mTorc1 inhibitor rapamycin was shown to impair differentiation of Th17 subset (59) . Further impact on Th17 cells is likely caused by downregulation of the Jak/Stat pathway-in particular, Stat3, which is critical for Th17 differentiation (29) . We also observed impact on Stat1 and Stat4, which are critical for Th1 differentiation (30) . The effect of vitamin D has previously been associated with inhibition of IL-12/IFN-γ axis and Th1 development (15) , partly through modulation of JAK/STAT signaling in T cells and myeloid cells (16) . However, Stat4 also induces secretion of GM-CSF in both Th1 and Th17 cells (60) , and GM-CSF has recently been shown to be essential for induction of EAE (61) . In contrast to the observed changes in the signaling and metabolic pathways in juvenile/adolescent rats, no consistent changes were detected in CD4+ T cells from either adult or pre-and early postnatally treated rats, which are not protected by vitamin D supplementation (23) , suggesting that these pathways in CD4+ T cells are important in mediating protective vitamin D effect in EAE. Moreover, down-regulation of Jaks, Stats, and Mtor and decreased proliferation and frequency of Th1 and Th17 cells were also confirmed when T cells were treated in vitro with vitamin D, and were associated with decreased encephalitogenic potential of T cells to transfer disease. Thus, although additional mechanisms may be involved in vitamin D protection in vivo, our data demonstrate that one important mechanism involves direct impact on signaling and metabolic pathways in CD4+ T cells.
Patterns of VDR binding (20, 35) and gene expression (39, 51) in cell lines and healthy subjects have suggested an effect of vitamin D on metabolic and signaling pathways crucial for cell survival, growth, and proliferation. Our data confirm that these pathways are also affected in vivo in CD4+ T cells, mediating the protective effect of the vitamin D supplementation in experimental autoimmune disease. VDR binding has been found enriched near autoimmune risk genes (32, 35) , and together with epidemiological data, this finding strongly indicates that vitamin D modulates risk to autoimmune diseases. We found that nearly 50% of the rat orthologs of established candidate MS risk genes that bind VDR in primary human CD4+ T cells (62) and ∼40% of the signature genes of myelin-reactive T cells in MS (63) changed their expression in vivo upon vitamin D supplementation in EAE (Table S2) . Remarkably, nearly 80% of the latter reverted their expression profile toward physiological upon vitamin D supplementation. Hence, our in vivo data from the animal model of MS support the role of vitamin D in modulating genes important for human disease. In addition, our study highlights significance of vitamin D supplementation for prevention or treatment of autoimmune diseases in general because CD4+ T cells are driving target organ destruction in autoimmune diseases (64) and because many of the autoimmune loci are shared by multiple autoimmune diseases (65) .
Despite numerous studies suggesting a beneficial effect of vitamin D in MS, there is still a controversy whether the supplementation can be used therapeutically (66) . Based on the current state of knowledge and our data, vitamin D supplementation may be considered as a preventative measure for decreasing the risk for developing autoimmune diseases and potentially as adjunctive therapy. Moreover, we here show that the protective effect of vitamin D involves epigenetic mechanisms-in particular, DNA methylation, which may provide a molecular basis for cellular memory that mediates long-term effects (67) (68) (69) and suggests potential for future combined therapies (50) .
Materials and Methods
Additional experimental details are provided in SI Materials and Methods.
Animals, Diet Regimen, and EAE Induction. Inbred DA rats were housed in the animal facility at Karolinska University Hospital. Experimental setting and diet regime based on different contents of vitamin D3 (cholecalciferol; referred to as vitamin D) is described in detail elsewhere (23) . MOG (amino acids 1-125 from the N terminus) used for active EAE induction was expressed in Escherichia coli and purified to homogeneity by chelate chromatography (70) . Passive EAE was induced by transfer of MBP -specific T-cell lines.
FACS Analysis and Sorting. Lymph node cells day 7 p.i. were washed with cold PBS and resuspended in 100 μL of PBS. Cells were stained and visualized on a FACSCalibur (BD). CD3+, CD4+, CD45RA−, and CD8− cells were sorted and constituted the pure CD4+ T-cell population (MoFlo, >99% purity) which was used for further extraction of mRNA and genomic DNA (gDNA).
Histopathological and Immunohistochemical Analyses. For histopathology and immunohistochemistry (IHC), the animals were euthanized 34 d p.i. As previously described (23) , paraffin-embedded brain and spinal cord crosssections (3-5 μm thick) were stained with H&E and Luxol fast blue (Kluever) to assess inflammation and demyelination, respectivley. Lysosomes of Error bars represent SEM. Statistical analysis was performed using ANOVA with Bonferroni correction for multiple testing for FACS data and weight loss, and Kruskal-Wallis test with Dunn's correction for multiple testing for clinical EAE scores and cumulative score (*P < 0.05; **P < 0.01; ***P < 0.001).
activated macrophages and microglia cells were targeted using an anti-rat ED1 antibody.
mRNA Extraction and Quantitative Real-Time PCR. RNA was extracted from sorted CD4+ T cells from lymph nodes 7 d p.i. using the RNeasy kit (Qiagen) and the QIAcube (Qiagen). qPCR was performed using a Bio-Rad iQ5 iCycler Detection System. The primers used in this study are listed in Table S3 .
Expression Array Hybridization and Data Processing. Array hybridization was done on GeneChip ST Arrays (GeneChip Gene 1.0 ST Array) by the Bioinformatics and Expression Analysis (BEA) core facility (Huddinge, Sweden). The data were deposited on the NCBI Gene Expression Omnibus database (accession no. GSE92680).
MBD-seq. MBD based methylation sequencing was done by NXT-Dx (Ghent, Belgium). For sequencing, an Illumina Hi-Seq 2000 with 2 × 51 + 7 (index) sequencing cycles was used. The raw data can be provided upon request. Analysis was done using edgeR.
CHARM. A total of 1 μg DNA per sample was sheared, McrBC digested, and gel fractionated before labeling and hybridization onto arrays containing 2.1 M probes. For a detailed protocol, see ref. 71 and SI Materials and Methods. The raw data can be provided upon request.
Pathway Analysis. Molecules from the dataset with a cutoff of FDR of 1% and no cutoff for fold change were uploaded to the Ingenuity Pathways Analysis platform (Ingenuity Systems).
Ethics Statement. All experiments in this study were approved and performed in accordance with the guidelines from the Swedish National Board for Laboratory Animals, which was approved by the North Stockholm Animal Ethics Committee. Rats were tested according to a health monitoring program at the National Veterinary Institute in Uppsala, Sweden.
